Monolithic silica aerogels have exceptional thermal insulation but low mechanical properties. For instance, their flexural strength is typically 0.03-0.08 MPa. Here, we report on the development of a truss-core sandwich panel filled with compacted aerogel granules, designed to provide both mechanical support and thermal insulation. Mechanical and thermal properties of the sandwich panel prototype were measured and compared with theoretical models available in the literature. The models give a good description of the properties of aerogel-filled truss-core sandwich panels.
Introduction
Space heating and cooling in commercial and residential buildings consumed 15.6% of the energy used in the United States in 2011 [1] . Energy consumption, as well as greenhouse gas emissions, can be reduced by the use of high performance insulation materials and products. Aerogels, with their exceptionally low thermal conductivity of 9-17 mW/(m·K) (compared to 25 mW/(m·K) for conventional closed-cell polyurethane foams [2] and 40 mW/(m·K) for standard fiberglass batts [3] ), offer great potential for improving insulation of buildings and reducing energy consumption [4, 5] .
The weak and brittle nature of monolithic aerogels makes them impractical for use in building insulation, however. Currently available commercial aerogel products use granules: for instance, in a fiber mat or as blown insulation in cavity walls. Granular aerogel has a higher thermal conductivity than monolithic aerogel, due to the higher conductivity air (25 mW/(m·K)) between the granules. In a previous study in our group, the contribution of air to the thermal conductivity of granular aerogel was minimized by physically compacting the granules together.
We showed that the thermal conductivity of compacted granular silica aerogels can be reduced to 13 mW/(m·K), nearly half the value of the uncompacted granules [6] .
Here, we report on the development of a truss-core sandwich panel filled with compacted aerogel granules, designed to provide both mechanical support and thermal insulation. One potential application for such panels is as interior insulation, retrofit to existing buildings.
Sandwich structures are particularly attractive as the separation of the faces by the lightweight core increases their moment of inertia, making them mechanically efficient in resisting bending loads encountered in handling and transporting the panels. Truss cores are preferred over conventional honeycomb cores since, for a given material and core thermal conductivity, they have higher shear and compressive strengths. The design of such a structure must also consider the contribution of the sandwich core to the overall thermal conductivity of the panel.
In this study, the uniaxial compression and bending response of a truss-core sandwich panel are measured and compared with theoretical models available in the literature. The thermal conductivity of the panel filled with compacted granular silica aerogel is also measured and compared with previous results for the compacted granular aerogel.
Materials and Methods

Sandwich Panel Material
To demonstrate the feasibility of a truss core sandwich panel filled with compacted granular aerogel, solid polystyrene (McMaster-Carr, Robbinsville, NJ) was chosen as the material for the sandwich panel as it combines high Young's modulus and tensile strength with relatively low thermal conductivity and cost per unit volume, compared with other polymers. Of potential materials with a high ratio of Young's modulus to thermal conductivity, ( E λ ), identified using a material selection chart [7] , polystyrene is the most readily accessible and easiest to machine. For materials with similar E λ values, the material with the lower thermal conductivity is preferred.
The uniaxial tensile stress-strain response of the polystyrene sheet was measured on 5 dogbone specimens in an Instron testing machine (Instron Model 4201, Canton, MA). The dogbones were cut both using a water jet cutter (OMAX Model 2626, Kent, WA) and a laser cutter (Universal Laser Systems V460, Scottsdale, AZ), to determine if the mechanical properties of the material are affected by the thermal treatment due to the laser. The waisted section of the dogbones was 57 mm long, 13 mm wide and 2 mm thick [8] . Displacement was measured with an extensometer (Instron Model 2630-033, Canton, MA) attached to the waisted section of the dogbone. The uniaxial compressive stress-strain response was measured on 5 small laser-cut rectangular prisms of the polystyrene sheet 4 mm long, 2 mm wide and 2 mm thick.
Displacement was measured using the crosshead displacement of the Instron.
Aerogel
Silica-based P100 series granular aerogels were purchased from Cabot Corporation (Boston, MA). Particle sizes range from 0.01 to 4 mm, with a density between 120 and 180 kg/m 3 [9] . Aerogels are typically made by mixing a precursor material, such as tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS), with other chemicals, such as ethanol, to hydrolyze and polymerize the silica, resulting in a sol-gel. The solution is then supercritically dried in a chamber, such as an autoclave, to remove the liquid from the sol-gel. The chamber is heated and pressurized until the fluids reach a supercritical phase, and are freely mobile without creating surface tension. The critical point for ethanol is 241 o C at 6.3 MPa, which is a dangerous condition for flammable material like ethanol. Therefore, for this process, the ethanol is typically replaced with supercritical carbon dioxide (the critical point for carbon dioxide is 31 o C at 7.4
MPa) by solvent exchange. After the solvent exchange is complete, the material is slowly brought back down to atmospheric pressure, resulting in aerogel. (Room temperature evaporation is avoided as the resulting surface tension and capillary forces can damage the fragile microstructure of the material.)
Panel Design
Various truss-core geometries were considered for the panel: regular tetrahedra, tetrahedra with struts at a 45° angle to the vertical, and pyramids. All three core configurations had the same thermal conductivity for a given relative density, based on a one dimensional conduction analysis of the cores. The relative density of the truss core was selected to limit the contribution of the core to the thermal conductivity of the panel to 2 mW/(m·K). The pyramidal truss lattice structure was ultimately selected since this geometry lent itself to fast prototype fabrication. The method of truss core fabrication was inspired by the work of Finnegan and coworkers [10] .
Panel Fabrication
Two-dimensional truss segments were cut from a 1.6 mm thick sheet of polystyrene using a laser cutter to give a square strut cross section (Fig. 1a ). Segments were then assembled into the 3D truss core (Fig. 1b) . The truss patterns were designed with mechanical snap fits at the location of the nodes, to facilitate assembly and secure the lattice. Once the core of the panel was created, it was joined to 2 mm thick polystyrene face sheets using a fast-setting epoxy (ITW Devcon, 5 Minute® Epoxy, Danvers MA); the face sheet thickness was chosen to be higher than that of the core trusses to avoid face sheet failure. The manufacturer's reported value of the adhesive shear strength was 13.1 MPa [11] . Adhesive was placed on the nodes formed at the junctions between orthogonal truss segments; the epoxy was allowed to set and cure for 24
hours. The unit cell of the truss core is shown schematically in Fig. 2 ; the dimensions of the panel are listed in Table 1 . A typical panel specimen used in the mechanical tests is shown in Fig. 3a .
Introduction and Compaction of Granular Aerogel
For the thermal conductivity tests, the voids between the trusses in the panel were filled with granular aerogel. To contain the particles, polystyrene sidewalls were connected to the panel faces. Each sidewall was in two pieces: the lower piece was fixed to the bottom plate while the upper piece was temporary, to allow the granules to be compressed into the voids between the trusses (Fig. 3b) . Once the granules were compacted into place using a custom fixture, with slots corresponding to the lines of the trusses, the upper piece was removed and the top face of the sandwich was bonded to the lower side piece and the trusses (Fig. 3c ).
Uncompacted aerogel granule beds had an initial density of roughly 68 kg/m³. We mechanically compacted the granules into the panel prototypes, increasing the average bed density across the panel to approximately 95 kg/m³, or a compressive strain of 30%. The compression platen was designed to fit around the truss structure, effectively pressing 58% of the surface area. The compressive strain value corresponds to the maximum compaction we were able to achieve in a previous study; compaction was limited by elastic rebound [6] .
Mechanical Tests
Four truss core specimens were tested in shear using specimens 15 mm thick, 74 mm wide and 252 mm long, designed according to ASTM Standard C273 [12] . Each truss core specimen was attached to two loading plates on either side of the specimen via tabs that extended beyond the nodes of the truss lattice and that passed through holes machined into the loading plates; the tabs were held in place using epoxy. This setup was developed to avoid adhesive failure, which occurred in initial tests with the core bonded directly to the surface of the loading plates. Displacement between the two plates was measured using an LVDT. The shear tests were performed at a rate of 0.5 mm/minute. 
Thermal Conductivity Tests
The thermal conductivity of the panels was measured using the steady state hot-plate method (LaserComp FOX304, Saugus, MA). The thermal conductivity is evaluated by placing the sample between two parallel plates that are held at constant temperatures with a set temperature differential between them. Once the system reaches thermal equilibrium, the conductivity of the sample can be calculated using Fourier's Law. The heat flux flowing through the system from the hot plate to the cold plate is determined based on the energy required to hold the plates at constant temperature. The LaserComp system is a center-of-panel design (i.e., the heat flow measurements are taken from a 10.2 by 10.2 cm metering area in the center of the chamber), so the impacts of the edge pieces of the insulation panels can be ignored.
A variety of panel configurations were tested with the LaserComp system. These include panels with uncompacted aerogel beds with and without a truss, panels of compacted aerogel beds with and without a truss, panels of compacted aerogels made by both holding the granules at a fixed level of compression and by cyclically loading and unloading them, and panels of compacted aerogels made by both applying an adhesive to the entire face between the face sheet and truss core and applying an adhesive to only the contact points between the face sheet and truss core. The thermal conductivity testing was done on square panels of edge length 247 mm, with outer walls between the face sheets to contain the aerogel granules. One sample was tested for each configuration.
The LaserComp testing method gives the thermal conductivity of the sample as if it was one homogeneous material, according to Fourier's Law:
Here, k ! is the thermal conductivity of the sample, t ! is the sample thickness (in our case, the thickness of the panel, including the two face sheets), Q !! is the energy flux through the sample at steady state, A ! is the cross-sectional area of the sample normal to the heat flow, and T ! and transfer lies between two limits: negligible lateral conduction in the end plate and infinite lateral conductivity of the end plate. In the former, heat flow from the truss end is confined to an equal cross section as it passes through the thickness of the end plate. In the latter limit, the truss and core are in series with the entire end plate. The difference in the overall assembly heat transfer is only three percent in the two limits; thus the latter assumption was adopted with little loss of accuracy. Using this model the conductivity of the sample can be derived as,
Here k ! is the thermal conductivity of the aerogel in the panel core, k ! is the thermal conductivity of the truss material and k ! is the thermal conductivity of the facing material; h is the thickness of the core, t ! is the thickness of a single panel facing and L ! is the length of a truss segment; A ! is the cross-sectional area of the panel core, A ! is the total cross-sectional area of the aerogel and A ! is the total cross-sectional area of the truss. All of these cross-sectional areas are measured normal to the heat flow through their respective components.
This relationship can be further simplified according to the specific design used for our testing. First, the truss and panel faces were made from the same material, so k ! equals k ! .
Then, according to the truss geometry, L ! is equal to h sin ω, where ω is the angle between the panel face and the truss segments. Similarly, A ! can be represented as A ! ! sin ω, such that A ! is simply the sum of A ! and A ! ! . Therefore, eqn 3 can be rewritten as:
Here, ϕ ! is the volume fraction of aerogel in the core (which is equal to
This assumes that the truss and the aerogel make up the entire volume of the core and that the thickness of the core is equal to that of the whole panel minus the two panel face layers. For the case of our 45 o truss, sin ! ω equals 0.5. Also, for the case where there panels were tested with no internal truss, eqn 4 simplifies to:
It is also worth noting that the contribution of the truss system to the thermal conductivity of the whole panel, k ! ! , can be represented as:
Here, ϕ ! is the volume fraction of truss in the core (which is equal to A ! ! A ! or 1 − ϕ ! ).
Additional hot-plate tests were required to determine an accurate value for the conductivity of the polystyrene used for the face sheets and trusses, as this was not available from the manufacturer. Literature values for the thermal conductivity of solid polystyrene were between 126 and 150 mW/(m·K) [13, 14] . The thermal conductivity of a stack of five sheets was measured to be 112 mW/(m·K). The test set-up could not accurately measure the conductivity of a single sheet and the manufacturer of the polystyrene sheets did not offer thick blocks of the exact same material, so stacks of sheets were tested in order to measure the conductivity of the polystyrene. However, this measurement is influenced by the contact resistances in the spatial gaps between the sheets (Fig. 5) , which are not readily quantifiable; additionally, the test set-up did not allow for increased compression of the sample to minimize the contact resistances.
Attempts to minimize these resistances with a high conductivity thermal paste were unsuccessful. For future research details of a methodology used to find a more accurate conductivity value for the polystyrene sheets is available in the Appendix.
Results
Uniaxial Tests on Polystyrene Sheet
The uniaxial tensile and compressive stress strain responses of the polystyrene sheet, cut using a laser cutter, are shown in Fig. 6 . The Young's modulus and ultimate tensile strength, corresponding to the peak load, are 1.60 ± 0.28 GPa and 15.4 ± 0.31 MPa, respectively. We note that earlier tests, on dogbones made using a water-jet cutter, gave similar values of modulus and tensile yield strength, but were considerably more ductile, deforming to strains of over 25% at failure (data not shown). The use of the water jet was discontinued, as individual truss segments were frequently lost in the water jet cutting process. The 0.2% offset compressive strength was 35.5 ± 0.39 MPa.
Shearing of Truss-Core
A typical stress-strain curve of the truss core specimens tested in shear is plotted in Fig.   7 . The curves are initially linear elastic up until yielding. After initial yielding, the slopes of the stress strain curves gradually decrease; in this region a few instances of audible cracking occurred, although no noticeable changes were visible in the structure. The curves peak at an ultimate shear stress of 0.12 ± 0.01 MPa, at which point the specimens began to exhibit cracks near the nodes of the tensile truss members. As the test progresses, existing cracks grow and new cracks appear in the same location on more members; the stress gradually decreases until the specimen fractures (Fig. 8) .
The shear modulus of the core is 8.32 ± 1.71 MPa, slightly above the value of 6.51 MPa (eqn A4d) predicted by Queheillalt and Wadley [15] , who modified the previous derivation of Deshpande and Fleck [16] . The 0.2% offset shear strength of the core is 0.084 ± 0.007 MPa.
The struts in a pyramidal truss core loaded in shear can fail by uniaxial tensile or compressive yield, elastic Euler buckling or plastic buckling; each of these failure modes has been analyzed by Deshpande and Fleck [16] , modified slightly by Queheillalt and Wadley [15] to account for the material at the nodes in fabricated truss cores. For the polystyrene struts in this study, the tensile yield strength is less than half the compressive; uniaxial ultimate tensile yield is calculated to occur at a core shear stress τ !"#$%#$& !"#$% * = 0.18 MPa (eqn A8), and was the only mode of failure present in the experiments. The results of the truss-core shearing tests are summarized in Table 2 .
Uniaxial Compression of Truss-Core Sandwich Panels
The stress-strain curves of the truss-core sandwich panels under uniaxial compression are shown in Fig. 9 . The curves show an initial toe (associated with a slight non-parallel misalignment of the top and bottom faces of the panel), followed by a linear elastic regime up to a peak stress. Immediately following the peak stress, there is a sharp drop in stress, to about half the peak value, followed by a more gradual decline in stress. The truss core was observed to fail by plastic buckling, followed by debonding (Fig. 10) .
The compressive Young's modulus of the panel is 15.1 ± 0.9 MPa, slightly higher than the theoretical value of 13 MPa calculated from the model of Queheillalt and Wadley [15] (eqn A1), who modified the earlier result of Deshpande and Fleck [16] .
The measured peak compressive strength, corresponding to failure by plastic buckling, is 0.50 ± 0.02 MPa. The uniaxial compressive failure of truss cores has been analyzed for both plastic yielding (eqn A2) and elastic buckling (eqn A3) using the results of Queheillalt and
Wadley [15] , who slightly modified the earlier results of Deshpande and Fleck [16] . Yielding is predicted to occur at a uniaxial compressive stress of 0.58 MPa, slightly above the measured failure stress associated with plastic buckling. Elastic buckling, assuming the ends of the truss members are fixed (i.e., k = 2 in eqn A3), is predicted to occur at 0.98 MPa; this is likely an overestimate, even for elastic buckling, as the ends of the members are likely to be less constrained than the fixed end conditions and any imperfection in the truss further reduces the elastic buckling stress. The interaction between yield and elastic buckling is expected to give rise to plastic buckling at a stress somewhat below that for uniaxial yield in the struts of the truss core. The measured value is consistent with this. The results of the uniaxial compression tests are summarized in Table 2 .
Plate Bending Under Uniformly Distributed Loading
The load-deflection curves for the sandwich panels tested in bending under uniformly distributed loading are shown in Fig. 11 . Failure was observed to initiate by debonding, with audible cracking of some of the nodes where the truss core is attached to the faces. Debonding events corresponded to sharp dips in the load-deflection curves. Almost immediately following debonding, struts buckled (Fig. 12 ) and the load continued to increase. As the deflection increased, instances of debonding became more frequent.
The average measured stiffness of the panels was 1.99 ± 0.20 kN/mm, higher than the calculated value of 1.37 kN/mm (eqn A4 [17] ). The average initial failure load (corresponding to debonding at the first drop in load) was 2.05 ± 0.14 kN, corresponding to a shear stress in the core of 0.292 ± 0.016 MPa (eqn A6 [18] ). The average peak failure load was 2.65 ± 0.15 kN, corresponding to a shear stress in the core of 0.378 ± 0.018 MPa. These shear stresses represent the maximum transverse forces in the plate, occurring at the midpoint of the edges.
The core shear stress required to cause failure by debonding is simply the adhesive strength times the ratio of the area of the bonded node to the area of a unit cell (eqn A7); for the sandwich panels in this study τ !"#$%!&%' * = 0.21 MPa, close to that observed. As with the shear tests, the truss core can fail by uniaxial tensile or compressive yield, elastic Euler buckling or plastic buckling. The predicted uniaxial tensile yield strength
is slightly lower than the shear stress for debonding. It is possible that there may have been yielding within some of the tensile struts, that was not visible, prior to debonding. Elastic Euler buckling, assuming fixed end conditions, is expected to occur at a core shear stress of 0.69 MPa (eqn A9). After debonding, the degree of end constraint is reduced, so that the core shear stress associated with Euler buckling is expected to be well below this value; the average peak core shear stress reached in the test was 0.378 ± 0.018 MPa, consistent with an end constraint factor between pinned and fixed (i.e., k = 1.5), as we might expect when some, but not all, of the nodes have debonded. The results of the panel bending tests under uniformly distributed load are summarized in Table 2 .
Plate Bending Under Approximately Concentrated Loading
The load-deflection curves for the sandwich panels tested in bending under an approximately concentrated load are shown in Fig. 13 . The average stiffness of the panels was 0.367 ± 0.040 kN/mm, slightly higher than calculated values of 0.34 kN/mm (eqn A10 [17] ).
The panel failed by debonding, which was initially localized around the loading point at the Table 2 .
Panel Thermal Conductivity
The LaserComp testing of a stack of five polystyrene sheets gave a thermal conductivity for the polystyrene of 112 mW/(m·K). However, attempts to minimize contact resistances with thermal paste, according to the LaserComp methodology, were unsuccessful. To calculate the isolated thermal conductivities of the encased aerogel beds, the thermal conductivity and dimensions of the polystyrene faces and trusses must be known. Since a conclusive value was not able to be obtained experimentally for the polystyrene material, aerogel conductivity values calculated from the LaserComp results are provided for the lowest and highest polystyrene conductivity values found: 112 mW/(m·K) and 150 mW/(m·K). These conductivity values for aerogel can be compared to the expected thermal conductivities based on a separate thermal conductivity test method -known as the hot-wire transient method -as a function of bed density [6] . In the hot-wire method, a fine platinum wire is surrounded by the test material and then a steady electrical current is put through the wire for a short duration; the rate of increase in temperature of the wire (which is dependent on the resistance heating in the wire and the rate of heat dissipation from the wire through the surrounding material) can be used to determine the thermal conductivity of the test material. The hot-wire testing was done with Cabot granules of product number TLD 302 while the LaserComp tests were done using granules of product number P100. A Cabot representative stated that the TLD 302 product is the same as the current P300 product [19] . The P300 product differs from the P100 product only in terms of the particle size range (1.2-4.0 mm versus 0.01-4.0 mm, respectively), otherwise they have the same listed particle densities and thermal conductivity profiles [9] . Additionally, hot-wire testing of the P100 granules provided results similar to the TLD 302 granules. Therefore, these two products were assumed to be comparable for the purposes of this research.
The measurements of the thermal conductivity of the various panel configurations and their aerogel content are listed in Table 3 . The discrepancy between the target compression strain and effective compression strain results from the gaps in the compression plate which leave 42% of the panel surface area uncompressed, to avoid crushing the truss structure. For the panels without the truss core, the experimental panel conductivity decreased from 26.7 to 23.4 mW/(m·K) as the compaction of the aerogel increased. For the panels with the truss core, the panel conductivity decreased from 31.9 to 26.9 mW/(m·K) with compaction of the aerogel. The calculated thermal conductivity of the aerogel itself ranged from 22.3 to 19.3 mW/(m·K) in the panels without the truss core and from 25.8 to 21.2 mW/(m·K) in the panels with the truss core (assuming a polystyrene conductivity of 112 mW/(m·K) and that there was uniform density across the aerogel bed). These results are slightly higher than those measured in separate hotwire tests [6] ; this is at least partially due to the additional radiative contribution to heat transfer that is suppressed in the hot-wire tests, which is discussed later in this paper.
The contribution of the adhesive between the truss and face to the thermal conductivity was evaluated by comparing the results for tests in which glue was applied to the entire face and in which glue was applied only at the points of contact between the truss and the face; negligible differences were seen in the results.
Discussion
Mechanical Testing
The use of the truss core sandwich panels gives the proposed aerogel insulation prototype a level of strength and rigidity that makes it a more suitable commercial product than aerogel alone. The compacted granular aerogel has a thermal conductivity of about 19.4 mW/(m·K) (at a compression of 30%). According to the hot-plate conductivity testing, the polystyrene truss adds about 1.5 to 4.6 mW/(m·K) to the overall conductivity of the panels, which is discussed later in this paper. The panels were designed to avoid face failure; the face thicknesses could be reduced to reduce the overall thermal conductivity of the panels.
The shear modulus of the core is well described by previous models [15, 16] . The shear strength is controlled by yielding, followed by debonding of the nodes of the truss from the faces of the panel; the measured shear strength is lower than predicted from previous models. In uniaxial compression, the truss core fails by plastic buckling, at a stress slightly below the predicted stress for plastic yielding. Elastic buckling is predicted to occur at a stress roughly double that for plastic yielding, assuming fixed-fixed end conditions. The interaction between yield and elastic buckling, as well as imperfections in the truss structure, lead to the observed plastic buckling at a stress below that for yield.
The uniformly loaded bending specimens fail initially by debonding, at a stress very similar to that predicted by the models. However, the models predict that tensile yielding occurs prior to debonding, although no obvious deviation from the elastic modulus is seen in the experiments at the predicted tensile yield stress. This can be explained as follows. Within the truss core, each strut in tension is connected to, and adjacent to, a strut in compression. For polystyrene, the compressive yield strength is more than double that in tension. When the tensile struts initially yield, the compressive struts have not yet reached yield, constraining the tensile struts from substantial plastic deformation.
The stiffness of the approximately point loaded bending specimens was well described by the models [17] . No models were available for the failure stresses of the point loaded specimens.
The mechanical performance of the panels could be improved by optimizing the design of the panel to produce core and face failure at the same load, and by using more sophisticated fabrication techniques, such as plastic injection molding, to create a monolithic truss core sandwich structure to prevent debonding.
Thermal Conductivity Testing
The LaserComp thermal conductivity tests allowed measurement of the contributions from the polystyrene face sheets, the truss core and the aerogel granules to the overall thermal conductivity of the panels. Expected values of each of these contributions came from literature values, theoretical calculations and previous experiments, respectively.
As noted in a previous study, there is a degree of rebound when a bed of granules is compressed and then released. Two tested methods proved to be equally effective in reducing this spring-back phenomenon: holding the bed under compression for an hour and cycling between full and no compressions ten times at a rate of 1 mm/minute. LaserComp test results from panels constructed using each compression method provided similar conductivity results.
Consequently, all subsequent panels were made using the cycling method, as this procedure was faster.
During the original development and material selection of the core for the panel system, the truss systems were designed such that they would increase the conductivity of the panel core by no more than 2 mW/(m·K) [20] ; in other words, the term k ! ! should not exceed 2 mW/(m·K).
Comparing the LaserComp data for the uncompressed panels with and without the truss core (Table 3) and correcting for the slight difference in the bed densities between the two panels, the k ! ! value was 4.6 mW/(m·K) (when comparing the 0% target compression panels with and without a truss), which is over twice the theoretical value. However, when comparing the 15% effective compression panel without the truss core and the 13% effective compression panel with the truss core, this truss contribution factor is calculated to be only 1.5 mW/(m·K). The reason for such a discrepancy between these two comparisons is currently unknown and will require additional testing to definitively determine.
The final comparison provided by the LaserComp data was for the measured conductivity of the aerogel granules. Separate conductivity measurements had been completed on compressed granule beds using the transient hot-wire method; this study found that compacting the bed of aerogel granules decreased the thermal conductivity of the bed until the bed density approached the monolithic aerogel density, at which point the conductivity reached a minimum and then increased with increased compression [6] . One shortcoming of the hot-wire method for silica aerogel is that it underestimates the impacts of radiative heat transfer as compared to other, large scale test methods, such as the steady-state hot-plate method. The reason behind this is that the aerogel is relatively transparent to long-wave radiation for the timescales used in the hot-wire method. It was previously calculated by Cohen that the hot-wire method may underestimate thermal conductivity by as much as 3.3 mW/(m·K) [21] . The calculated aerogel conductivities based on the LaserComp results were all within this margin compared to the expected aerogel conductivities from the hot-wire results except for the uncompressed test panel without the truss, which had LaserComp results lower than the hot-wire expectations. The reason for this unexpected result could not be determined at this time.
One potential source of error in the calculations based on the LaserComp results could be in the manufacturing of the trusses. However, the trusses are currently made with a high precision laser cutter, so the imperfections should be minimal; water displacement measurements were performed on some truss pieces and they were consistently measured to be within 5% of the predicted volume according to the CAD files used to create the trusses. Some of the assumptions made in the theoretical calculation may also need to be reviewed. For example, it was assumed for the purposes of the calculations that heat traveling through the core travels separately through the aerogel and the truss, as if they were completely in parallel with each other. However, in reality it is likely that some amount of heat traveling through the low-conductivity aerogel would transfer to the relatively high-conductivity truss; this would increase the contribution to conductivity by the truss. This possibility has not been quantitatively reviewed. Future research with this panel system could include a numerical heat flow analysis that more accurately models the panel geometries and 3D heat flows. In actual use, the exterior panel surface could have a convective boundary condition. In that case, the multi-dimensional heat transfer between the truss end and the end plate could be modeled as an annular fin. ISO Standard 6946 -"Building components and building elements. Thermal resistance and thermal transmittance. Calculation method" -could also be utilized to better model the face-to-truss joint. Also, it was assumed that the aerogel granules in the panel were compressed evenly. This is particularly difficult to ensure when the panel contained the truss, which didn't allow for direct compression of the granules above and below the struts of the truss. An approximate analysis for this situation was done assuming the aerogel value under the shadow of the truss was at its uncompressed state while the balance of the aerogel accounted for the total volume change of the panel. This analysis indicated that it could change the conductivity of the core by less than 1 mW/(m·K) for the compression levels tested by LaserComp.
The conductivity of the aerogel panels used in the LaserComp testing were used for research purposes and were not designed to compete with existing insulation products, though that is the ultimate goal. In order to improve the panel performance, one could use lowerconductivity granules (such as the MIT aerogel granules tested previously [6] ) or by sealing the panel and pulling a vacuum. Also, while the truss design has been carefully developed with thermal conductivity in mind, the rest of the panel design could similarly be reviewed for optimal performance.
Conclusion
Analytical and experimental studies were done on the performance of a sandwich panel structure with a pyramidal truss core. A proposed panel prototype was subjected to a uniformly loaded bending, point load bending, uniaxial compression and unidirectional shear, along with thermal conductivity tests. Various theoretical models were examined to determine stiffness, 1 Note that the relative density of the core in the panels for mechanical and thermal testing vary lightly due to the different panel dimensions. 2 "Settling" refers to the uncompressed, naturally settled aerogel granules 3 "Cycling" refers to cyclic compression used to compact the aerogel 4 "Holding" refers to a single compression, which was held at the required strain, to compact the aerogel 5 The "conductivity of aerogel bed" is for the aerogel granules and does not include contributions of the truss. 6 Using aerogel bed density, expected values were obtained from interpolation of hot-wire data from Chen et al. [6] . These values represent the hot-wire conductivities before any corrections factors have been applied to account for the underestimation in the radiative heat transfer compared to the steady state hot-plate method.
the square panels tested in this study, with a = b, β ! = 4.06×10 -3 and β ! = 7.37×10 -2 . The flexural rigidity, D, is given by:
Here E ! is the Young's modulus of the face material, t ! is the thickness of the face, d is the distance between the centroids of the top and bottom faces and ν is the Poisson's ratio of the faces (ν = 0.39 for polystyrene [13] ). The equivalent shear rigidity of the core, S, is given by:
Here G * is the shear modulus of the core:
In sandwich panels, if the faces are thin and stiff relative to the core, then the faces are loaded primarily by normal stresses (eqn A5) while the core is loaded primarily by shear stresses (eqn A6) [18] . β ! , β ! , and β ! are constants that depend on the ratio of the edge lengths, a/b; for a square panel (a = b): β ! = β ! ≈ 3.67×10 -2 and β ! ≈ 0.338.
The truss cores, loaded in shear, can fail by a number of mechanisms: debonding, uniaxial yield, elastic buckling, and plastic buckling. The shear stress required to fail a pyramidal truss core by all but the first of these mechanisms has been analyzed by Deshpande and Fleck [16] , with modifications by Queheillalt and Wadley [15] to account for the flattened nodes.
The shear stress required to give debonding is simply the adhesive strength times the ratio of the contact area at the node to the area of the unit cell:
The shear stress required to develop uniaxial yield in the pyramidal truss core (bonded to rigid faces) is [15] :
For the polystyrene truss core used in this study, σ !" , is the tensile yield strength, which is less than half the compressive yield strength.
The shear stress required to produce elastic Euler buckling of the compressive struts is [15] : 
